New enantiopure, C 2 -symmetric biphenyl-2,2′-diols based on (−)-menthone (BIMOL), (−)-verbenone (BIVOL) and (−)-carvone (BICOL and hydrogenated BIMEOL), are accessible via short, synthetic routes. All diols form intramolecular hydrogen bonds and hence can be employed as chelating ligands for catalyst design, as it demonstrated for the (−)-fenchone based BIFOL. The sense of asymmetry of the biphenyl axes is controlled by the chiral terpene units and is conformationally surprisingly stable. X-ray analyses reveal M biphenyl conformation for BIMOL and P biphenyl conformation for each of BIVOL, BICOL and BIMEOL. The origins of the conformational biphenyl preferences are confirmed by computational ONIOM evaluations of the diols and their diastereomeric conformers. The experimentally observed biphenyl conformations are all energetically preferred, i.e. with 1.3 kcal/mol for (M)-BIMOL, with 5.1 kcal/mol for (P)-BIVOL, with 5.8 kcal/mol for (P)-BICOL, and with 5.4 kcal/mol for (P)-BIMEOL.
Introduction
Enantiopure biaryl systems with flexible chiral axes are widespread, e.g. in pharmacological natural products or as ligands in enantioselective catalyses [1] . Chelating C 2 -symmetric diols such as BINOLs [2] [3] [4] and TADDOLs [5, 6] are often employed as chiral ligands in enantioselective synthesis. We recently reported the synthesis and the X-ray crystal structure of (M)-BIFOL [7] (biphenyl-2,2′-bisfenchol, Scheme 1) and its derivatives [8] [9] [10] [11] . (M)-BIFOL exhibits, in a similar way as BINOLs, a flexible biaryl axis with M conformation, induced by the hydrogen bonded fenchol moieties, and sterically crowded aliphatic alcohol functions, as in TADDOLs. The fenchol moieties were shown to stabilize the biphenyl via intramolecular hydrogen bonds [7] .
Modular fencholates [12, 13] were employed as chiral, chelating ligands, e.g. in enantioselective organozinc catalysts [14] [15] [16] [17] [18] , in chiral n-butyllithium aggregates [19] [20] [21] [22] [23] and in enantioselective Pd-and Cu-catalyzed C-C-couplings [9, 10, 24] . Here we present syntheses and characterizations of new enantiopure C 2 -symmetric diols based on (−)-menthone, (−)-verbenone and (−)-carvone, and reveal origins of their conformational biphenyl restrictions. 
Results and Discussion
The new 1,1′-biphenyl-2,2′-bisterpenols BIMOL, BIVOL and BICOL were synthesized by addition of 2,2′-dilithiobiphenyl to (−)-menthone, (−)-verbenone and (−)-carvone and subsequent hydrolysis (Scheme 2). The nucleophilic 2,2′-dilithiobiphenyl adds to the carbonyl groups preferably from the sterically less hindered side, i.e. trans to the isopropyl group in (−)-menthone yielding BIMOL, and trans to the isopropenyl group in (−)-carvone [25] [26] [27] yielding BICOL. For (−)-verbenone the sterically less crowded side of the pinene backbone, trans to the geminal dimethyl unit, is preferred yielding BIVOL. Catalytic partial hydrogenation of BICOL [28, 29] yields the isopropenyl group in BIMEOL retaining the cyclohexene unit (Scheme 2).
Intramolecular hydrogen bonds between the hydroxy groups of the terpenol moieties are apparent in the X-ray crystal structures of BIMOL, BIVOL, BICOL and BIMEOL (Figure 1 -Figure 4 ). These chelating hydroxyl groups enable applications in enantioselective catalysts [9, 24] and reagents [8] , as has been described for the chelating BIFOL with 2.2 Å for O-H-OH and 3.0 Å for O-O [7] . BIMOL exhibits distances of 1.98 Å for O-H-OH and of 2.80 Å for O-O ( Figure 1 , Table 1 ). In the crystal structure of BIVOL, the hydrogen atoms of the hydroxy groups are disordered, but the close distance of 2.71 Å for O-O points also to hydrogen bonding ( Figure 2 , Table 1 ). BICOL Table 2 ) and BIMEOL of 1.67 Å (O-H-OH) and 2.62 Å (O-O, Figure 4 , Table 2 ). In close analogy to the conformation- (Table 1 and Table 2 Table 3 ). The computationally favored and experimentally found conformers can all form hydrogen bonds between the hydroxy groups, due to favorable arrangements of the terpenol units. The disfavored conformers cannot form such close OH-OH contacts, due to repulsion of the unfavorably aligned bulky terpenol moieties. Donor-solvents like acetone, water or ethanol can bind to the external O-H bonds of the diols (Scheme 3), without disrupting the internal O-H-O bridge, which is crucial for the chiral alignment of the biaryl axis.
Conclusion
The new enantiopure chelating diols (M)-BIMOL, (P)-BIVOL, (P)-BICOL and (P)-BIMEOL are efficiently accessible from coupling of dilithiobiphenyl with (−)-menthone, (−)-verbenone and (−)-carvone. All diols exhibit flexible biaryl axes, which are however conformationally restricted to P or M arrangements. These favored biaryl arrangements are apparent from X-ray analyses and computational comparisons of the biphenyl conformers and arise from suitable hydrogen bonding of the chiral terpenol moieties. As it has been demonstrated for the (−)-fenchone derived (M)-BIFOL, the flexible, but diastereomerically pure, chelating diols can be employed to incorporate many elements or metal ions for the construction of new enantioselective reagents and catalysts.
Experimental
All reactions were carried out under argon atmosphere using Schlenk tube techniques. Solvents were dried by standard methods and distilled under argon prior to use.
Synthesis of Biphenyl-2,2′-bismenthol (M)-BIMOL
2,2′-Dilithiobiphenyl (2 TMEDA) was synthesized by treating biphenyl with n-butyllithium/TMEDA for 24 hours at room temperature [30, 31] . To a suspension of 10 g (25.0 mmol) of 2,2′-dilithiobiphenyl (2 TMEDA, M: 398.5 g/mol) in diethyl ether at 0 °C, 7.7 g (8.4 ml, 50.0 mmol) of (−)-menthone were added. The mixture was warmed up to room temperature and was stirred for 24 h. Aqueous work-up followed by 2 recrystallisations from acetone yielded 6.3 g (12.1 mmol, 48%) of (M)-BIMOL. Analytical and spectroscopic data of (M) 
Synthesis of Biphenyl-2,2′-bisverbenol (P)-BIVOL
To a suspension of 10 g (25.0 mmol) of 2,2′-dilithiobiphenyl (2 TMEDA, M: 398.5g/mol) in diethyl ether at 0 °C, 7.5 g (7.7 ml, 50.0 mmol) of (−)-verbenone were added. The mixture was warmed up to room temperature and was stirred for 24 h. Aqueous work-up followed by 2 recrystallisations from hexane/ acetone yielded 4.3 g (6.1 mmol, 24.6 %) of (P)-BIVOL. Analytical and spectroscopic data of (P) 
Synthesis of Biphenyl-2,2′-biscarvol (P)-BICOL
To a suspension of 10 g (25.0 mmol) of 2,2′-dilithiobiphenyl (2 TMEDA, M: 398.5 g/mol) in diethylether at 0 °C, 7.50 g (7.8 ml, 50.0 mmol) of (−)-carvone were added. The mixture was warmed up to room temperature and was stirred for 24 h. Aqueous work-up followed by 2 recrystallisations from hexane/ ethyl acetate (10:1) yielded 8.4 g (17.8 mmol, 71%) of (P)-BICOL. Analytical and spectroscopic data of (P) 
Synthesis of Biphenyl-2,2′-bis-p-menthenol (P)-BIMEOL
To a 0 °C cooled solution of 0.5 g of (P)-BICOL (1.1 mmol) in 30 ml of ethanol a small amount of palladium/C was added. 
Computational Section
All computed structures were fully optimized using Morokuma's ONIOM method implemented in GAUSSIAN98 [33] . Hybrid DFT (B3LYP/6-31++G*) levels of theory were applied to the hydroxyl groups, while the rest of the structures were computed by the semiempirical AM1 method. Hydrogen atoms were used as link atoms between the two layers. The structures were analyzed by frequency computations and showed no imaginary frequencies.
